The technique of preparing active cell suspensions of Cl. acetobutylicum (Weizmann) capable of giving normal fermentation products from glucose has been described [Davies & Stephenson, 1941] . It was stated that these suspensions rapidly lost their activity.
In the present paper further experiments on the decay of activity are described and also various experiments on reactions performed by suspensions of the organism, in particular experiments relating to the reduction of butyric acid to butyl alcohol and to the formation of acetone., Methods and technique The analytical methods and the technique of growing the organism and preparing cell suspensions were the same as previously described [Davies & Stephenson, 1941] unless otherwise stated.
Estimation of acetone and acetoacetic acid in a mixture. To determine the acetone the sample was brought to pH 7-5 and the acetone distilled for 10 min. in vacuo into 25 ml. N/II00 2 + 5 ml. N Fig. 1 where the activity expressed as a percentage of the initial activity is plotted against time. The suspension had lost all activity towards glucose ( 582 ACETONE-BUTANOL FERMENTATION. II AND III after 3 hr. and 96% of its activity towards pyruvate after 5 hr. The activity peaks shown in Fig. 1 were not observed in every experiment. Table 1 . Effect of various substances and conditions on rate of decay In all cases activities were determined manometrically by measuring the QH2 over the first 5 min. Warburg manometers were used containing 0*6 ml. M/2 acetate buffer pH 5-0, 0-1 ml. cell suspension (20-30 mg. dry wt./ml. except in (h)), 1-8 ml. water and, in the side bulb, 0 3 ml. M/10 glucose. Gas phase H,r; temp. 370.
In (a) and (b), 10 ml. cell suspension contained in each of four modified Thunberg tubes were gassed with the requisite gas for i min. and kept in an atmosphere of that gas; samples were expelled at intervals by forcing the corresponding gas into the tube.
In (c) and (d), 7 ml, cell suspension containing 1 mg./ml. of one of the substances named were kept in air in a test-tube at room temp.
In (e), (f) and (g), 10 ml. cell suspension containing glucose or galactose to the final concentrations given were kept in air in a test-tube at room temp. or at 00.
In (h), 10 ml. cell suspension of the strengths given were kept in a test-tube in air at room temp. Effect of cozymase. It was still considered possible that cozymase destruction was involved in the decay and to settle this point the cozymase in the cells was determined before and after a period of incubation at 370, using the lactic dehydrogenase-diaphorasemethylene blue system. The results are given in Table 2 . It is seen that cozymase was not Table 2 . Stability of cozymase in cell suspension, Cell suspensions were prepared containing 0, 0-08 and 0-4 mg. added cozymase per ml. and 28-6 mg. cells per ml. The suspensions also contained M/50 acetate buffer pH 5 0. A portion of each suspension was immediately boiled and tested for cozymase in Thunberg tubes. The remainder of the suspension was incubated for 3 hr. at 370 and again tested for cozymase. The medium from which the cells had been harvested was passed through a Seitz filter and the filtrate also tested for_ cozymase.
The Thunberg tubes contained 1 ml. lactic dehydrogenase [Green, Needham & Dewan, 1937] , 1 ml. diaphorase [Straub, 1939] , 1 ml. M/15 phosphate buffer pH 7 5, 0-2 ml. M KCN, 0.1 ml. 0.5% methylene blue, 0 5 ml. cell suspension or other source of cozymase, and in the hollow stopper 0 1 ml. 2 M. sodium lactate.
The fermentative activity of the cell suspension towards glucose was determined manometrically before and after incubation.
Organi8M Acetoacetic acid as an intermediate. Johnson, Peterson & Fred [1933] have shown that acetoacetic acid is rapidly broken down to acetone both in culture and by washed suspensions of Cl. acetobutylicum, the rate of attack being at a maximum when the rate of formation of acetone in the culture is also at a maximum. These findings have been confirmed by the manometric technique using Warburg manometers. 0-2 ml. M/1O acetoacetic acid was shaken with 0-2 ml. cell suspension (25 mg./ml.) in 2-6 ml. M/l0 acetate buffer pH 5 0 in an atmosphere of H2 and the C02 evolved was measured. One manometer contained 0-2 ml. 20% NaOH in the centre cup to show that the only gas evolved was C02. When C02 production had ceased the acetone and acetoacetic acid in the manometers were estimated as previously described; a control was done using boiled cells. The results are given in Table 5 . It is, clear that acetoacetic acid is enzymically decarboxylated quantitatively to acetone; the low yield of acetone may be accounted for by loss through vaporization while the manometers were shaking at 37°. The optimum pH for acetoacetic acid decarboxylation was determined manometrically by measuring the rate of C02 evolution over the first 5 min. when cell suspensions were shaken with acetoacetic acid in acetate buffers. Fig. 2 shows that' the optimum lies at about pH 4*3. Fig. 3 shows the variation in acetoacetic decarboxylase activity of the cells with age of the culture. 2 1. of 2 % glucose-liver medium were sown with 40 ml. of a 5 % maize meal culture and incubated at 37°in an atmosphere of H2. Samples were withdrawn at intervals for the preparation of cell suspensions. The decarboxylase activity of the suspensions was measured as described above. Up to 8 hr. no acetone could be detected-in the culture by Rothera's test; from 9 to 12 hr. there was a slight reaction increasing in intensity; at 13 hr. there was 0.1 mg. acetone/ml. culture and by 27 hr. this had risen to 0-5 mg./ml. The activity of the cell suspension from the 27 hr. sample was very high (QCO2= 596).
A few other properties of the acetoacetic acid de,arboxylase are worth noting. (1) It will work aerobically just as-well as anaerobically, thus differing from all the other enzymes of this organism so far studied. (2) It stands up to acetone treatment and in an acetone powder of whole cells retains its activity almost undiminished for months. (3) The enzyme can be extracted from the acetone powder by water at 37°.
Age of culture in hr. Variation of acetoacetic acid decarboxylase activity with pH. The reactions were carried out in Warburg manometers containing 0-2 ml. cell suspension, 1-9 ml. water and 06 ml. M/2 acetate buffer of the desired pH in the main compartment; the side bulb contained 0 3 ml. M/10 acetoacetic acid (neutralized to pH 7 0). Gas phase air; temp. 37.5°. The pH measurements were made by means of the glass electrode. Organi8m: BY strain. Glucose. The effect of substrate concentration on the rate of H2 production from glucose was determined manometrically using Warburg manometers. Each manometer contained 0-6 ml. M/2 acetate buffer pH 5 0, 0-3 ml. cell suspension (10.8 mg./ml.); in the side bulb sufficient M, M/10 or M/100 glucose to give final concentrations ranging from M/5 down to M/5000. The centre cup contained 0-2 ml. 20 % NaOH and the total volume of fluid was made up to 3 0 ml. with water; the manometers were filled with H2 and shaken at 37°. The results are given in Fig. 4 . The enzyme system displays a high affinity for its substrate, the concentration of glucose necessary to saturate the system being about M/1000; it may however be lower than this since, with final concentrations of glucose of M/2000 and M/5000, there is so little substrate present that the concentrati6n may have been reduced below the saturation level before the zero reading could be takenafter tipping the manometers.
Pyruvate. This was determined in the same way as.for glucose, pyruvate at pH 5.0 being substituted for glucose. The affinity curve for pyruvate is included in Fig. 4 . It is seen that concentrations of pyruvic acid greater than M/50 are inhibitory whilst at concentrations less than this' the system is not saturated. The affinity of the pyruvate system for its substrate, is seen to be much lower than that of the glucose system.
Fermentation of other sugars In culture, Cl. acetobutylicum will ferment a number of carbohydrates and it was of interest to ascertain whether cell suspensions would ferment sugar's other than glucose. The organism was therefore grown on the usual liver medium but with 2 % maltose or 2 % sucrose in the place of glucose. The ability of cell suspensions prepared from these cultures to ferment glucose, fructose, maltose and sucrose was then investigated by the usual-manometric technique. The results (Table 6) give a good example of adaptive' and Table 6 . Fermentation of sugars by Cl. acetobutylicum
The manometers contained 0-6 ml. M/2 acetate pH 5 0, 0 3 ml. cell suspension (20 mg. dry wt./ml.), 2-0 ml. water, and in the side bulb 0.1 ml. M substrate. Gas phase H2; temp. 37°. early stages of the fermentation was essential to the reduction of butyric acid.
-850 ml. of the usual medium containing 2 % glucose were fermented until about half the glucose had disappeared. The culture was then divided into two parts with aseptic precautions, one half being allowed to ferment to completion. The other half was centrifuged so as to remove the cells and the medium was replaced by an equal quantity of fresh medium containing glucose, acetic and butyric acids in approximately the same concentrations as in the medium removed; the fermentation was then carried to completion, both cultures being anatysed for the usual products. The result of one such experiment is given in Table 7 (1) The pyruvic acid fbrmed would then be fermented chiefly to acetic acid (see Table 9 The reactions were carried out in Krebs vessels containing 10 ml. cell suspension, 10 ml. M/5 phosphate buffer pH 5 0, 6 ml. M glucose or 24 ml. M/2 pyruvate (adjusted to pH 5 0) and water to a total volume of 60 ml. Gas phase H2; temp. 380. Incubated for 18 hr. and then analysed. CO2 and H2 were measured in Warburg manometers using 1/20 the above quantities.
Organism: BY strain. nor to bring about the reduction of butyric acid by hexosediphosphate. These last results are, however, of no great significance as hexosediphosphate does not easily penetrate the cell wall and is, for example, not readily attacked by intact yeast cells.
Intermediates in acetone production
Early experiments have shown that acetone production by the growing organism is increased by an autolysate of liver or maize [Davies & Stephenson, 1941] . In an attempt to concentrate the active substance precipitation by basic lead acetate was used and the filtrate, after removal of the excess Pb by C02, gave with glucose a much increased acetone production when incubated with cell suspensions in the usual way. This was finally attributed to the acetic acid which remained after removal of the excess Pb (Table 11 ). The effect of acetic acid on acetone production from pyruvate was then Table 11 . Effect of acetic acid on acetone production
The reactions were carried out in Krebs vessels each containing 1 iml. M glucose, 7 ml. cell suspension (12 mg. dry wt./ml.), 4*2 ml. 2M acetate buffer pH 5 0 in (b), 4-2 ml. liver preparation 2*-in (c), 4-2 ml. liver preparation 2 and 4*2 ml. 2 M acetate in (d), 4-2 ml. lead-free filtrate as described in the text in (e), and 4-2 ml. tryptic digest of liver containing the equivalent of 1 mg. fresh liver per ml. and 4-2 ml. 2M acetate in (f). The total volume in each vessel was made up to 21 ml. with water. Gas phase H2; temp. 380 Brown et al. 1937] . Attention was therefore directed to the further examination of the reaction between pyruvate and acetate.
The effect of acetate concentration on acetone production from pyruvate by cell suspensions is shown in Fig. 6 x -x Glucose as substrate (acetone mg./ml.). Fig. 7 . Effect of pH on acetone production in the presence of M/5 acetate. The conditions were the same as under Fig. 6 except that all vessels contained 2 ml. 2 M acetate buffer of the desiredpH. Organism:
Weizmann strain.
ACETONE-BUTANOL FERMENTATION. II AND III seen that the maximum formation of acetone from both substrates occurs with a final acetate concentration of M/5 and that the ratio mol. acetone/mol. pyruvate fermented attains a maximum steady value of about 0-5-0-6. The optimum pH for acebone formation in the presence of M/5 acetate was then determined by incubating cell suspensions with glucose or, pyruvate as substrate in the presence of M/5 acetate buffer of the required pH. Fig. 7 shows that the optimum production of acetone occurs at pH 5-o.
Role of acetic acid in acetone production. There are a number of references in the literature to the fact that the addition of acetic acid to a maize-meal or a glucose fermentation by Cl. acetobutylicum gives rise to increased amounts of acetone [Reilly, Hickinbottom, Henley & Thaysen, 1920; Speakman, 1920] and the hypothesis that acetone is formed from acetic acid via acetoacetic acid has been accepted by most workers [Reilly et al. 1920; Bernhauer & Kurschner, 1935; Osburn et al. 1938; Donker, 1926; van der Lek, 1930] . It has been shown that acetoacetic acid is almost certainly the immediate precursor of acetone. If the acetoacetic acid arises from condensation of two molecules of acetic acid, as previous workers have suggested, then the condensation reaction must be one of two coupled reactions for, as is seen from Fig. 5 , acetic acid alone gives rise to no appreciable amounts of acetone when incubated with cell suspensions. If pyruvic acid or glucose is present as well, then large amounts of acetone are formed. The concentration of acetic acid necessary to produce these large amounts of acetone is very high and the relationship between acetate concentration and acetone production rather suggested that the acetic acid was functioning, not by taking part in a coupled reaction, but rather by exerting a mass action effect, suppressing a particular line of breakdown of glucose or pyruvic acid and/or increasing tfie reaction which gives rise to acetoacetic acid. This idea agrees well with a theory of acetone formation based on the scheme of Krebs & Johnson [1937] and indicated in the following equations [see Kalckar, 1941]: CH3.CO.COOH+CH33.COOH=CH3.CO.CH2.CO.COOH+H20, [Claisen & Stylos, 1887] by the method of Mumm & Bergell [1912] , and its ability to function as an intermediate in the formation of acetone was examined by incubating a solution with a cell suspension and measuring gas production and acetone formation. Details are given in Table 12 . From this experi. Table 12 . Attempt to ferment acetopyruvic acid Warburg manometer vessels contained 1 ml. M/5 phthalate-phosphate* buffer pH 5 0 or 03 ml. 2M acetate buffer pH 5 0, 1 ml. cell suspension in the main compartment; 0 1 ml. M acetopyruvic acid (adjusted to pH 5.0) and/or 0 1 ml. 0-64M pyruvic acid (pH 4-5) in the side bulb. The total volume was made up to 3 0 ml. with water. Gas phaseaH2; temp. 37°.
The acetone experiments were carried out in Krebs vessels containing 7 ml. cell suspension, 7 ml. phthalatephosphate buffer and 0 7 ml. 0-64M pyruvic acid in (c), 7 ml. phthalate-phosphate buffer and 0 7 ml. M acetopyruvic acid in (a) and (b),-2-1 ml. 2M acetate buffer and 0-7 ml. M acetopyruvic acid in (d), 2-1 ml.
2M acetate buffer and 0 7 ml. 0-64M pyruvic acid in (e). The total volume was made up to 21 ml. with water in each case. Gas phase H2; temp. 380.
Acetopyruvic acid at pH 5-0 did not interfere with the acetone estimations. Organism: Weizmann strain. Acetone Substrate Qga mg./ml. ment it is seen that (1) acetopyruvic acid is not attacked under the conditions used;
(2) acetopyruvic acid inhibits the fermentation of pyruvic acid by about 60% at the concentration used (M/30 acetopyruvic and M/50 pyruvic). There still remained the possibility that acetopyruvic acid was toxic in concentrations as high as M/30; the manometric experiments were therefore repeated using M/300 and M/3000 acetopyruvic acid but again there was no fermentation. These experiments seem to show that acetopyruvic acid is not an intermediate in the formation of acetone. In order to find out whether acetopyruvic acid could be fermented when added to fermenting cultures the following experiments were made. 400 ml. 2 % glucose in the usual medium were inoculated with 10 ml. of a 5 % maize culture and incubated for 20 hr. by which time fermentation was proceeding vigorously; 8 ml. of 10 % acetopyruvic acid adjusted to pH 5 0 were then added and the incubation continued. The culture was analysed for glucose and acetone before the addition of the acetopyruvic acid and again at the end of the incubation. It was found that the addition of the acetopyruvic acid inhibited the further fermentation of the glucose and itself gave rise to no acetone (Table 13) . A similar experiment was done on 5 % maize mash and gave a similar result. When the same amount of acetopyruvic acid was added to the medium before inoculation, growth could not be initiated. It is stated that compounds containing the grouping -CO-CH2-CO-are unable to pass through the cell wall [Krampitz & Werkman, 1941] ; acetopyruvic acid is such a compound and this might serve to explain why it appears not to function as a precursor of acetone were it not for the fact that it inhibits growth and fermentation. This seems to be incompatible with the theory that the acid cannot diffuse through the cell wall. From these experiments it seems unlikely that acetopyruvic acid is an intermediate in the fermentation; some phosphorylated form of the substance may however be involved. The inhibitory effects may be due to competitive inhibition of processes in which pyruvic acid itself is concerned.
The possibility of acetone formation from acetic acid-through direct condensation to acetoacetic acid was now further examined. Because no acetone is formed from acetic acid alone, whereas it is formed in increased amounts when acetic acid or glucose is also present, it must be assumed that the condensation of acetic acid to give acetoacetic acid requires energy which can be supplied by glucose or by pyruvate. On this theory the increased acetone formation from glucose or pyruvate and acetate should be accompanied by a disappearance of acetate. Accordingly, fermentations of glucose and of pyruvate in the presence of M/5 acetate pH 5*0 by cell suspensions were carried out and full analyses made of the products of fermentation. The results (Table 14) show that there has been a utilization of acetic acid in both cases, but the utilization is greater with glucose and acetate than with pyruvate and acetate. With glucose and acetate there has also been a considerable increase in the formation of butyric acid.
The figures in Table 14 show that about 0 5 mol. of acetone is formed for every mol. pyruvic acid-fermented in the presence of M/5 acetate at pH 5 0. It follows that if the acetone has arisen from acetoacetic acid produced according to equation (7) 2CH3. COOH = CH3 . CO. CH2. COOH + H20, then the whole of the pyruvic acid disappearing must have been broken down to acetic acid, since the total concentration of acetate is almost unchanged. This agrees with the idea that the breakdown of pyruvic acid to acetic acid supplies the energy for the condensation of acetic acid to acetoacetic acid; it does not explain why such a high concentration of acetic acid is required to bring the acetone production up to the level of 1 mol. per 2 mol. pyruvate fermented. It seems that the mechanism of acetone formation still remains to be solved, but the solution must involve pyruvic and acetic acids together.
Acetoacetic acid as an intermediate in butyric acid formation
The association of an increased production of butyric acid with disappearance of acetic acid when glucose is fermented in the presence of M/5 acetate suggested that acetic acid was also involved in butyric acid formation and in particular that butyric acid might be Table 15 . Acetoacetic acid and butyric acid formation
The reactions were carried out in Krebs vessels containing 12 ml. M/5 phosphate buffer pH 5-65, 10 ml. cell suspension (2-95 mg. dry wt./ml.), 2 ml. M15 glucose in (a), 4 ml. M/10 acetoacetic acid in (b) and 2 ml. M/5 glucose +4 ml. M/10 acetoacetic acid-in (c (Table 15) show that acetoacetic acid has not been reduced, the whole of that disappearing being recovered as acetone.
POTASSIUM AS AN ESSENTIAL FACTOR IN THE FERMENTATION OF MAIZE MEAL BY CL. ACETOBUTYLICUM (BY)
It has been reported [Weizmann & Davies, 1937] .R. DAVIES ACETONE-BUTANOL FERMENTATION. II AND III this too was ineffective. A tryptic digest of liver was found to be very active, the yield of acetone being restored to normal by the addition of 0*5 % of liver. p-Aminobenzoic acid with or without asparagine -did not increase the effect of suboptimal amounts of liver. Wheat bran was also very efficient, 1 % being even more effective than 1 % liver in that with bran the fermentation was just as rapid as that of fresh maize, whereas with liver it was definitely slower although the final acetone yields were normal in both cases (see Table 17 ). The effect of biotin methyl ester was next examined, this substance being the only known essential growth factor for this organism not yet tried. In case a multipli6ity of factors was involved the biotin was tested at a level of 0-0004 ,ug./pal. in the presence of asparagine (0.1%), p-aminobenzoic acid (1 pg./ml.) and Speakman's salts. A control was done omitting the biotin. Surprisingly, the control showed a much improved fermentation and the addition of biotin gave no further improvement. Since asparagine and p-aminobenzoic acid together had already been shown-to be without effect it was concluded that (a) the improved fermentation was due to Speakman's salts, (b) biotin was not involved. Confirmation that the failure of extracted maize to ferment is due to a lack of certain salts was obtained by adding to the extracted maize ashed bran equivalent to 1 % bran, when fermentation was restored to normal in so far as the yield of acetone was concerned. It was still somewhat slower than that of fresh maize. The components of Speakman's salt mixture were next tested and the whole effect was found to reside in the potassium phosphate fraction and specifically in the potassium ion, sodium phosphate being completely inactive and both KCI and K2S04 fully active. Finally, K estimations were made-on samples of fresh and extracted maize and the results are shown in Table 16 .
Extraction of the maize had reduced the K content to less than 1/100th of the amount in 597
